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The transverse momentum (pT ) distribution of Higgs bosons at hadron colliders enables a detailed probe 
of its production dynamics and is a key ingredient to precision studies of Higgs boson properties, but 
receives very large QCD corrections. We obtain a precision prediction for the pT spectrum by matching 
second-order (NNLO) QCD corrections at large pT with resummation of third-order logarithmic (N3LL) 
corrections at small pT . We achieve signiﬁcantly improved results for pT < 35 GeV with perturbative 
uncertainties ±6%, and thus a convergent perturbative series for all values of pT .
© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction
With the increased statistics and excellent performance of the 
experiments at the Large Hadron Collider (LHC), precision analysis 
of the production and decay of the Higgs boson [1–4], the linchpin 
of the Standard Model, is now becoming reality. Concurrent with 
the experimental advances has been a concerted effort to improve 
the theoretical calculations of Higgs production through the gluon 
fusion mechanism [5–27], driven by the large corrections one ﬁnds 
in the ﬁrst few orders of perturbation theory. A key observable is 
the transverse momentum (pT ) spectrum of the Higgs boson with 
respect to the beam directions, which quantiﬁes how the Higgs bo-
son recoils against partonic radiation, thereby probing the interac-
tion of the Higgs boson with Standard Model particles and possible 
new states. Calculating the full spectrum requires a combination of 
ﬁxed order perturbation theory in αs and a resummation to all or-
ders in αs of the most singular large logarithms ln(pT /mH ) for 
* Corresponding author.
E-mail address: xuan.chen@uzh.ch (X. Chen).
pT  mH , where mH is the Higgs mass. In this letter, we com-
pute the transverse momentum spectrum under the inﬁnite top 
quark mass assumption at the highest precision currently possi-
ble, by combining next-to-next-to-leading order (NNLO) at large 
transverse momentum [20] with an all-order resummation (based 
on soft-collinear effective ﬁeld theory, SCET [28–31]) of large loga-
rithmic corrections at small transverse momentum, including sub-
leading logarithms up to the third level (N3LL) using the recently 
computed 3-loop rapidity anomalous dimension [32,33]. Our nu-
merical NNLO results extend to considerably smaller values of pT
compared to earlier work [17,20]. Resummation at N3LL was pre-
viously achieved in a momentum space resummation using the
RadISH Monte Carlo program [26] and matched to NNLO results 
at low resolution [17]. Our approach to obtain N3LL resumma-
tion uses a SCET factorization formula, which yields analytic ex-
pressions for all singular ﬁxed-order terms. Taken together, these 
two advancements enable a detailed cross-validation of the results 
from ﬁxed-order and resummation in all parton-level channels, 
and yield the ﬁrst high-resolution description of the Higgs bo-
son pT spectrum.
https://doi.org/10.1016/j.physletb.2018.11.037
0370-2693/© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
SCOAP3.
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2. Method
The dominant Higgs boson production process at the LHC is 
gluon fusion, mediated by a top quark loop. This process can be 
described by integrating out the top quark, resulting in an effec-
tive ﬁeld theory (EFT) coupling the Higgs boson to the gluon ﬁeld 
strength tensor [34–36], combined with QCD containing ﬁve mass-
less quark ﬂavors. The Wilson coeﬃcient of this effective operator 
is known to three loop accuracy [37], and the validity of this de-
scription up to pT of the order of the top quark mass has been 
established [22,38] in detail. For higher pT the exact top quark 
mass dependence needs to be included, and a recent NLO QCD cal-
culation [23] has demonstrated that this can be accounted for by 
a multiplicative rescaling of the EFT predictions. The results pre-
sented here focus on pT below the top quark threshold, and are 
obtained in the EFT framework.
The pT distribution of the Higgs boson, valid at both small and 
large pT , can be written as
dσ
dp2T
= dσ
r
dp2T
+
(
dσ f
dp2T
− dσ
s
dp2T
)
, (1)
where dσ r/dp2T is the resummed distribution, dσ
f/dp2T is the ﬁxed 
order distribution, and dσ s/dp2T is the ﬁxed-order singular distri-
bution. The resummed distribution dσ r/dp2T can be written as an 
inverse Fourier transformation from impact parameter space b to 
momentum space pT , as given in Eq. (2). Here, σ0 is the Born cross 
section for gg → H and we denote |b| = b and b0 = 2e−γE .
dσ r
dp2T
= πσ0
∫
dxadxbδ
(
xaxb − m
2
H
E2CM
)
×
∫
d2b
(2π)2
eipT ·bW (xa, xb,mH , b) , (2)
W (xa, xb,mH , b)
= H(mH ,μh)Uh(mH ,μB ,μh)S⊥(b,μs, νs)
× Us(b,μB ,μs;νB , νs)
×
∏
γ=a,b
Bαβg/Nγ (xγ ,
b,mH ,μB , νB) , (3)
Uh(mH ,μ,μh)
= exp
⎡
⎣2
μ∫
μh
dμ¯
μ¯
(
	cusp
[
αs(μ¯)
]
ln
m2H
μ¯2
+ γV
[
αs(μ¯)
])⎤⎦ , (4)
Us(b,μ,μs;ν,νs)
= exp
⎡
⎣2
μ∫
μs
dμ¯
μ¯
(
	cusp
[
αs(μ¯)
]
ln
b2μ¯2
b20
− γs
[
αs(μ¯)
])⎤⎦
×
(
ν2
ν2s
)b0/b∫
μ
dμ¯
μ¯ 2	cusp
[
αs(μ¯)
]+γr[αs(b0/b)]
, (5)
Bαβg/N (x,
b,mH ,μ,ν)
=
∑
j
1∫
x
dz
z
f j/N(x/z,μ)
[
gαβ⊥
2
I g j(z, b,mH ,μ,ν)
+
(
gαβ⊥
2
+ b
αbβ
b2
)
I ′g j(z, b,mH ,μ,ν)
]
. (6)
In Eqs. (2) and (3), the kernel of the integral, W , has been fac-
torized into products of a hard function H(mH , μh), a soft function 
S⊥(b, μs, νs), and the beam functions Bαβg/Nγ (xγ , b, mH , μB , νB), 
each evaluated at an appropriate scale to avoid large logarithms, 
and subsequently evolved to common scales. Here f j/N are the 
standard MS parton distribution functions and I g j and I ′g j are per-
turbatively calculable matching coeﬃcients. Note that besides the 
usual renormalization scale μ, the soft function and beam function 
also depend on the rapidity scale ν . For pT  mH the resumma-
tion is carried out by making the canonical scale choices
μh =mH , μB = μs = νs = b0/b , νB =mH , (7)
which ensures there are no large logarithms in H , S⊥ and Bαβg/Nγ
in Eq. (3). Large logarithms are then resummed through the evolu-
tion factors Uh(mH , μB , μh) and Us(b, μB , μs; νB , νs), which con-
nect the hard scale and the soft scales to the scales of the beam 
function, respectively. The Uh and Us are derived from SCET renor-
malization group and rapidity renormalization group equations 
[39,40]. They depend on the cusp anomalous dimension 	cusp [41], 
the gluon anomalous dimension γV [42–44], the soft anomalous 
dimension γs [45,46], and the rapidity anomalous dimension γr
[33,24], each of which is now known to three loops. In the case of 
the cusp anomalous dimension, the four-loop leading color approx-
imation is also known [47]. The initial condition of evolution for 
the hard function and soft function are also known to three-loop 
order [42–44,46]. In the case of the beam function in Eq. (6), the 
initial conditions I g j and I ′g j are known to two loops [48,49], and 
the logarithmic terms are known to three loops, which involves the 
3-loop splitting functions [41,50]. Our NkLL resummed calculation 
is obtained from these ingredients, where we include all logarith-
mic terms at O(αks ) in the H , S⊥ and Bαβg/Nγ boundary conditions. 
For larger pT ∼mH the resummation has to be turned off so that 
dσ r/dp2T = dσ s/dp2T in Eq. (1) and the cross section reduces to the 
ﬁxed order result. This is achieved by making a transition of the 
various μi to a single scale, and also transitioning to a single ra-
pidity scale, using proﬁle functions [51,52] as explained below.
The ﬁxed-order (FO) distribution dσ f/dp2T is obtained as a per-
turbative expansion in αs by combining all parton-level contribu-
tions that contribute to a given order. As the transverse momen-
tum is ﬁxed to a non-vanishing value, the leading order process 
is given by the production of the Higgs boson recoiling against a 
parton. (As a result, the counting of orders (NNLO: O(α3s )) is per-
formed with respect to pT at ﬁnite values. For the inclusive Higgs 
boson production, these would constitute corrections at N3LO.) At 
higher orders in perturbation theory, a method for the combina-
tion of infrared-singular real radiation and virtual loop corrections 
becomes necessary. In this letter, we employ the antenna subtrac-
tion method [53–55] to compute the ﬁxed-order distribution up to 
NNLO in perturbation theory. The calculation is performed within 
the parton-level event generator NNLOJET [20], which combines 
the tree-level double real radiation corrections (RR, [56–58]), the 
one-loop single real radiation corrections (RV, [59–61]) and the 
two-loop virtual corrections (VV, [62]) with appropriate antenna 
subtraction terms. Distributions are obtained as binned histograms 
in pT . Schematically, the NNLO contribution to the distribution 
takes the form
dσNNLO
dp2T
=
∫

3
[
dσ RRNNLO
dp2T
− dσ
S
NNLO
dp2T
]
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+
∫

2
[
dσ RVNNLO
dp2T
− dσ
T
NNLO
dp2T
]
+
∫

1
[
dσ V VNNLO
dp2T
− dσ
U
NNLO
dp2T
]
, (8)
where the antenna subtraction terms dσ S,T ,UNNLO (which upon inte-
gration add up to zero) ensure the ﬁniteness of each n-parton 
phase space integral 
∫

n
. Details of the calculation are described 
in [20], where the transverse momentum distribution was com-
puted to NNLO for large pT . Extending the lower bound on pT
towards smaller values becomes increasingly challenging due to 
the large dynamical range probed in the phase-space integration 
and the associated numerical instabilities. We adapted the NNLO-
JET code to cope with this task and further split the integration 
region into several intervals in pT and applied dedicated reweight-
ing factors in each region. With these optimizations, ﬁxed-order 
predictions are obtained down to pT = 0.7 GeV, both for a linear 
binning of 1 GeV width and a logarithmic spacing of ten bins per 
e-fold.
At small transverse momentum pT with respect to the Higgs 
mass mH , the cross-section can be split into a singular (s) and 
non-singular (n) piece:
dσ f
dp2T
= dσ
s
dp2T
+ dσ
n
dp2T
(9)
with
dσ s
dp2T
= σ0
p2T
∞∑
i=1
(αs
π
)i 2i−1∑
j=0
ci, j ln
j p
2
T
m2H
, (10)
dσ n
dp2T
=O
(
(pT /mH )
0
)
. (11)
The coeﬃcients ci, j are obtained analytically (up to the integrals 
over the PDFs) by setting the evolution factors Uh and Us to unity 
in Eq. (3), and evaluating the hard function, soft function, and 
beam function at common scales μi = μF = μR and νs = νB . To 
compare these singular terms with the full ﬁxed order prediction, 
we integrate Eq. (10) over the same binnings that were used in the 
numerical evaluation in Eq. (8). Obtaining terms up to the single 
logarithms in Eq. (10) requires using: NLL at LO, NNLL at NLO and 
N3LL at NNLO.
For the numerical results, we use the PDF4LHC15NNLO_mc 
PDFs [63] from the LHAPDF library [64] with its central value of 
αs(mZ ) = 0.118. The center of mass energy of pp collisions is set 
to 13 TeV. The mass of the Higgs boson and top quark (depen-
dence in the Wilson coeﬃcient) are set to be mH = 125 GeV and 
mt = 173.2 GeV. The central values for the factorization and renor-
malization scales are chosen as μF = μR =mH/2, with the theory 
error from ﬁxed order calculations estimated from the envelope of 
a three-point variation between mH/4 and mH .
Fig. 1 compares the ﬁxed-order contributions at LO, NLO and 
NNLO for the transverse momentum spectrum where the curve 
labeled as the SCET prediction is pT dσ s/dpT = 2p2T dσ s/dp2T at 
the corresponding order. For better visibility, the distributions are 
multiplied by pT , and each higher order contribution is displayed 
separately, instead of being added to the previous orders. The bot-
tom panels show the difference of the two curves, i.e. the non-
singular parts which should behave as pT dσ n/dpT ∼ O(p2T ) for 
pT  mH , to further elucidate the low-pT behavior between the 
two predictions. The top frame shows that the small pT behav-
ior of the ﬁxed-order spectrum is in excellent agreement with the 
Fig. 1. Comparison of the transverse momentum spectrum between ﬁxed-order per-
turbation theory (FO) and singular terms from the expansion of the resummed 
prediction (SCET), using the sum of all partonic channels (pp) or with individual 
partonic channels (gg , qg , qq). In individual channels, q denotes the sum of quark 
and anti-quark of all ﬂavors.
predicted singular terms in Eq. (10). This agreement is further sub-
stantiated in the lower three frames, where individual parton-level 
initial states are compared (with q denoting the sum over quarks 
and antiquarks of all light ﬂavors). We point out that the (numer-
ically subdominant) qq channel turns out to be the numerically 
most challenging, since contributions from valence-valence scatter-
ing favor events with higher partonic center-of-mass energy than 
in any of the other channels. The excellent agreement between 
ﬁxed-order perturbation theory and SCET-predictions for the sin-
gular terms serves as a very strong mutual cross check of both ap-
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Fig. 2. Comparison of full ﬁxed-order spectrum, the absolute value of singular distri-
bution, and the non-singular distribution through to NNLO. Here dσ n/dpT ∼O(pT )
for pT mH .
proaches. It demonstrates that our calculation of the non-singular 
terms is reliable over a broad range in pT , thereby enabling a con-
sistent matching of the NNLO and N3LL predictions.
3. Matching and results
For a reliable description of the transverse-momentum spec-
trum, the resummation of large logarithms in dσ s/dp2T has to be 
turned off at large pT . This can be seen clearly from Fig. 2, which 
depicts the full ﬁxed-order spectrum, the absolute value of singu-
lar distribution, and the non-singular distribution, all through to 
NNLO. At pT  50 GeV, the singular distribution dominates the 
ﬁxed-order cross section, and the resummation of higher order 
logarithms is necessary. Around 50 GeV, the singular and non-
singular distribution become comparable, and resummation has to 
be gradually turned off. The NNLO singular pieces turn negative 
and largely constant above pT ≈ 85 GeV, indicating that the de-
composition of the NNLO ﬁxed order prediction into singular and 
non-singular pieces is losing its meaning there. There are several 
different prescriptions on how to turn off the resummation [65–67,
12,68,16,69,26]. In this letter, we follow Ref. [16] by introducing b
and pT dependent proﬁle functions, deﬁning
ρ(b, pT ) = ρl
2
[
1− tanh
(
4s
( pT
t
− 1
))]
+ ρr
2
[
1+ tanh
(
4s
( pT
t
− 1
))]
, (12)
where ρ(b, pT ) is used for μs = μs(b, pT ) = μB , νs = νs(b, pT ), 
and μh = μh(pT ), which appear in Eq. (3). ρl is the initial scale for 
each proﬁle, taken to be the canonical scales in Eq. (7) so that at 
small pT the large logarithms are resummed. ρr is the ﬁnal scale 
for each proﬁle, which is chosen to be μh = μB = μs = μF = μR , 
while for νs it is mH . The parameters s and t govern the rate of 
transition between the ﬁxed order result and the resummation, 
where the transition starts at pT  t− t/(2s), is centered at pT = t , 
and ends at pT  t + t/(2s). In our calculation, we choose s = 1, 
and t = 20, 25, 30, 35, 40, 50 GeV to estimate the uncertainties 
from different proﬁles. The uncertainties for the ﬁnal resummed 
+ ﬁxed-order prediction are estimated by three-point variations 
of i) the ρl for μh about mH and ρr for all scales (varied simulta-
neously), and ii) the ρl for μB = μs and νs about b0/b (varied in-
dependently). We always ﬁx νB =mH . We take the envelope of the 
Fig. 3. The Higgs-boson transverse momentum distribution matched between FO 
and SCET. Dashed lines indicate central scales of mH/2 and matching proﬁle cen-
tered at 30 GeV. The theoretical uncertainties are estimated by taking the envelope 
of all scale and proﬁle variations (see text). Ratio plots in the lower panel presents 
the scale and proﬁle variation with respect to the central result for NNLO + N3LL 
(red dashed line).
resulting 66 curves as the uncertainty band at each order. Further 
uncertainties in our calculation include the missing four-loop cusp 
anomalous dimension and the treatment of non-perturbative cor-
rections at large b. They are estimated to be negligible compared 
with the aforementioned scale uncertainties. Additional indepen-
dent uncertainties related to the parton distributions and value of 
αs(mZ ) should be included for a detailed phenomenological study.
The ﬁnal matched transverse momentum spectrum is shown in 
Fig. 3. We plot the distributions at LO + NLL, NLO + NNLL, and 
NNLO + N3LL. We also plot the unmatched NNLO distribution. At 
small transverse momentum, the ﬁxed order distribution displays 
unphysical behavior, due to the presence of large logarithms. We 
see that the matched distribution smoothly merges into the ﬁxed-
order cross section around 40 GeV, and that the scale uncertainty 
reduces order-by-order in perturbation theory. The perturbative 
uncertainties at NNLO + N3LL have been reduced to  ±6% for 
5 < pT < 35 GeV, are ±10% for intermediate pT , and decreasing 
again at large pT .
4. Conclusions
In this letter we have presented for the ﬁrst time precise pre-
dictions for the Higgs transverse momentum spectrum at small pT , 
with resummation at N3LL matched to ﬁxed-order results at NNLO. 
The calculation builds upon eﬃcient subtraction formalism for jet 
processes, improved formalism for resummation of large trans-
verse logarithms, and known high-order anomalous dimensions 
and matching coeﬃcients. We use an additive matching scheme 
which relies on the extraction of non-singular corrections from sin-
gular ones, and usually requires numerical Monte Carlo precision 
at the level of 1 per-mille, which imposes a strong challenge on 
ﬁxed-order calculations in the infrared unstable small pT region. 
We have shown excellent agreement between SCET and NNLOJET
in this region, which provides a highly nontrivial check of both 
calculations. The ﬁnal matched predictions show a continuous re-
duction of scale uncertainties order by order, and are signiﬁcantly 
more precise for small pT . We expect our results will have an 
important impact on understanding the detailed properties of the 
Higgs boson at the LHC.
X. Chen et al. / Physics Letters B 788 (2019) 425–430 429
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